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Abstract

This report describes a study performed under AFOSR sponsorship, addressing the
investigation of mixing and fluid disintegration under supercritical turbulent flow conditions.
Because the study has been very fruitful and produccd a very large amount of information,
including major publications in referecd journals, this final report is in the form of an Executive
Summary succinctly describing the results, with particular emphasis on thc connection among the
publications or manuscripts which have not yet reachcd the print. The publications/manuscripts
are individually listed as Appendiccs, and attached to this report.
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EXECUTIVE SUMMARY

The highlights of thc results from publications and papers submittcd, as shown in
Appendices 1-4, as well as sevcral confcrence papers (not included) arc here summarized.

The objective of this study was to obtain a fundamental understanding of fucl
disintegration and mixing at supercritical pressure conditions (relative to thc fucl). At
supercritical pressures, fluids depart from the ubiquitous perfect gas and mixture idcality
situations prevailing at atmospheric pressurc; thc atmospheric-pressurc condition has
overwhelmingly been studied so far. Because according to the binary species combinations, a
spectrum of quantitative departures from perfcct gas and mixture 1deality is obtained, the present
study proposcd to Icverage against a program focused on onc species combination so as to more
completely address the different regimes, understand the interconnections between them, and
more fully undcrstand how to model gas turbines, liquid rockcts, and ramjets.

The goal of the present investigation was to propose Subgrid Scale (SGS) modcls for
performing Large Eddy Simulations of fluid disintegration and mixing under supercritical
pressure conditions. In our previous work, we had performed Direct Numerical Simulations
(DNS) of such flows and identified specific flow characteristics not encountcred under
atmospheric-pressure conditions. Thc DNS portrayed a three-dimensional (3D) mixing layer the
lower stream of which 1s initially composcd of pure heptane and the uppcr stream of which is
initially composed of pure nitrogen; thesc were denoted as HN runs. The free-stream pressurc
was 60 atm, the upper free-stream tempcraturc was 1000K and that of thc lower strcam was
600K. Other binary-species pairs that werc simulated werc oxygen/hydrogen (OH runs) and
oxygen/helium (OHe), both at 100 atm and for several frec-strcam temperatures of cach of thc
streams. A database DNS of eight simulations was thus crcated. The pcculiar behavior occurred
indcpendently of the binary-species pairs or other conditions of the calculations. This peculiarity
was thc cxistence of regions of high density-gradicnts magnitude (HDGM). These exist both in
the pre-transitional (Miller et al. (2001)) and transitional (Okong’o and Bellan (2002; Okong’o ct
al. (2002)) settings. At the transitional statc, thc HDGM rcgions resemble convoluted threads,
such as obscrved by Chehroudi and Talley (1999), Oschwald and Schik (1999), and Segal and
Polikhov (2008) at fully turbulent Reynolds numbers. The magnitudc of the density gradicnt in
the DNS at the transitional state was of same order as, or even inferior to, that detectcd
cxpcrimentally. Visualizations of the time sequencc lcading to transition showed that the HDGM
rcgions form due to two coupled processes: the convolution/distortion of the original density
boundary, and the mixing of the spccics. Because the HDGM regions impede the formation of
small scales, they arc the sitcs of the highest irrcversible cntropy production (Okong’o and
Bellan (2002; Okong’o et al. (2002)); the irreversible cntropy production is the dissipation, and it
is the quantity that SGS models must reproducc. That is, the maximum dissipation regions arc
locatcd in the HDGM regions. The cxistence of HDGM regions and their relationship to
dissipation is independcnt of the binary system of species. Moreover, since a budget of thc
dissipation at the transitional state showed that its largest contribution is from the species mass
flux -- i.e. what is called “the scalar dissipation”-- (Okong’o and Bellan (2002; Okong’o et al.
(2002)), the indication is that SGS modcling targcted at duplicating the viscous effccts, as it is
typical under subcritical conditions, is likely to be inappropriate under supercritical conditions.



A previously conducted a priori study (Sclle et al. 2007) cncompassing all DNS runs
confirmed the indications obtained from analysis of the database. In the a priori study, the DNS
equations were first filtered and the terms in the equations were ranked based on their
importance measured by the domain r.m.s. It turns out that whereas the usual SGS-flux terms
were indeed important, other tcrms which are usually negleeted in the LES equations were here
even more important than the SGS-flux terms. These were: (1) a term appearing in the
momentum equation that is the difference betwcen the gradient of the filtcred pressure and the
gradient of the pressure computed from the filtered flow field; this term was prominent for HN
runs and moderately important for the OHe run, but not for OH runs, and (2) a term appearing in
the energy conservation equation that is thc diffcrence between the divergence of the filtered
heat flux and the divergence of the heat flux eomputed from the filtered flow field; this term was
prominent for OH runs, moderately important for the OHe runs but not for HN runs. The
importanee of both of these terms is direetly traced, through the gradients, to the HDGM regions;
the fact that these regions are a feature of fully turbulent flows immediately implies that
modeling these terms will be of paramount importance for LES. Thus, in that paper we proposcd
models and performed a priori tests not only for thc SGS-flux terms but also for these additional
two terms. The model for the pressure-gradient difference term was bascd on a Taylor expansion
of the pressure, on computing the derivatives of this expansion using the real-gas equation of
state and on assuming that the filter is a projection which nulled the first-order term of the Taylor
expansion and allowed the model of the second-order term utilizing models for the variances that
wecre the same as for the SGS fluxes. The model proved very sueeessful for a LES grid whieh is
64 times volumetrically larger than the DNS grid, but deteriorated for a grid that was 512 times
volumetrieally larger than the DNS grid; this detcrioration is understandable given that Taylor
expansions are only valid in a small neighborhood of the reference loeation. Modeling of the
new term in the energy equation proved considerably more difficult (eompared to that in the
momentum cquation) as it is thc sum of three tcrms, cach being a gradient of onc of the
thermodynamic variables multiplied by a coeffieient that is function of the thermodynamic
variables. Whereas the coefficients could be very well modeled using Taylor expansion
eoncepts, the entire term was poorly rendered due to a lack of model for the filtered gradients.
The two issues of the desirability of having an even more accuratc model for the momentum
equation terms that eould possibly be valid for coarser LES grids, and that an appropriatc model
for the term in the energy equation remained to be addressed in a posteriori studies.

In a first a posteriori study (Appendix 1) eondueted for HN runs, the issue of the momentum
cquation term was addressed. An additional model for this term was proposed based on the first-
order Taylor expansion term, but without adding the seeond-order Taylor expansion term which
could not be easily modeled without the assumption of the filter being a projection, whieh nulled
the first-order term. LES eondueted with only SGS-flux models, and with SGS-flux models and
this additional modeled term were eompared with the filtered-and-eoarsened DNS, which is the
templatc that must be achieved. Several conclusions were drawn: (1) A LES using a model for
the additional term in the momentum equation is eonsiderably closer to the tcmplate compared to
a LES only using SGS-flux terms. (2) The model bascd on the first-order Taylor expansion term
was morc successful than that based on the second-order expansion term, which is
understandable since the former is a better approximation than the latter. Thesc conclusions werc
obtained with constant-coefficient SGS-flux models. Sinee among SGS-flux models the Scalc-
Similarity constant-eoefficient model was most suecessful in those tests, dynamie-coefficient



modeling was also pursued because they rely on the same concepts as scale-similarity models.
Not only were these dynamic-coefficient LES performed with single SGS-flux models, but we
also combined SGS-flux models into ‘mixed’ models to complement the best aspects of each
model. The dynamic models were also successful when used in conjunction with the model for
the new term in the momentum equation, although each of the dynamic models was best at
reproducing certain aspects of the flow field. We considered good predictions of the pressure as
being crucial since without them the velocity field would be incorrect, and also predictions of the
HDGM regions since they are instrumental to the flow devclopment and mixing. Studies of the
LES grid spacing impact and the choice of the initial conditions were also carried out.

In a second a posteriori study (Appendix 3) conducted for the OH DNS run having the
largest initial Reynolds number and the OHe run, the issue of the model for the new term in the
cnergy cquation was addressed. The a priori investigation was re-visited and it was realized that
one must focus on the reconstruction of the filtered gradients in the heat flux from the gradients
computed using the filtered flow field. Based on this realization, seven models for the new
energy cquation term were proposed. In all models, we used the approximate deconvolution
model (ADM) to capture the filtered temperature gradient, filtered mass fraction gradient and
filtered pressure gradient variation. It turns out that ADM is very successful at recovering the
new term in the energy equation, and one of these seven models was chosen to pursue the LES
study, based on its accuracy and computational cfficiency. The LES computations show that
there is a definite advantage in including the new term for recovering the heat flux in the systcm;
it is well known that recovery of the heat flux is of outmost importance for liquid rocket
propulsion, as documented by Tucker et al. 2008. Our results show that by using ADM we
recover the heat flux up to an irreducible error; the remaining error is simply due to the fact that
the flow field reconstruction is performed on the coarser (i.e. LES) grid compared to the DNS
one. Of note, LES conducted with no SGS-flux models but including a heat-flux-correction
model shows substantial improvements over the LES conducted without SGS-flux models and
no heat-flux-correction modcl meaning that this new SGS contribution introduces substantial
physical information into the simulation. With SGS-flux and heat-flux-correction models, the
LES yields a good approximation of thc filtercd DNS flow ficld for both OH and OHe runs. This
success with two diffcrent species systems having different equations of state and transport
properties illustrates the power of the concept and proposed models.

The success obtained with SGS models additional to the typical SGS-flux ones are
transformational for the LES field of study in that never before have LES been shown to
need other than SGS-flux models, and LES have never been conducted with other models
additional to those for the SGS fluxes. Moreover, this success bodes well for conducting
LES with coarse grids, such as needed for large geometries typical of liquid rocket engines.

Two additional supporting studics complete this investigation. In the first study (Appendix
2), we showed that by an appropriate non-dimensionalization of the dissipation (not to be
confused with the turbulent energy dissipation), it appears that in all fully turbulent flows the
scalar dissipation is the most important contributor to the dissipation. The dissipation has
contributions from three modes associated with viscous stresses, temperature-gradient and
species-mass-gradient effects. Non-dimensionalization of the dissipation and its contributions
revealed the essential mechanisms governing each of thc modes and their relative contributions



to the total dissipation. The viseous, temperature-gradient and speeies-mass-gradient dissipation
eontributions seale as O(Re'), O(Re'Pr'Ma?) and O(Ma?), respeetively; where Re is the

Reynolds number, Pr is the Prandtl number and Ma is the Mach number. As a result of this
sealing, for Reynolds number values in the fully turbulent flow regime, the speeies-mass-
gradient mode is predieted to dominate the other modes. Even for the transitional Reynolds
number values of the examined database, assessment of the DNS-seale domain-averaged
dissipation eonfirmed previous findings that out of the three modes of dissipation, the speeies-
mass dissipation is the main eontributor to the total dissipation. The results revealed that,
remarkably, the pereentage of speeies-mass by total dissipation is nearly invariant aeross speeies
systems and initial eonditions. This dominanee of the speeies-mass dissipation is due to the
HDGM regions populating the flow. The domain average being the result of both the loeal
values and the extent of the HDGM regions, the expeetations were that the response to filtering
will vary with these flow eharacteristies. All filtering was performed in the dissipation range of
thc Kolmogorov spectrum, at filter sizes from four to sixteen times the DNS grid spaecing. The
small-seale (subgrid-seale, SGS) dissipation was found by subtracting the filtered-field
dissipation from the DNS-field dissipation. In contrast to the DNS dissipation, the SGS
dissipation is not neeessarily positive; negative values indicate backseatter. Backseatter was
shown to be spatially widespread in all modes of dissipation and in the total dissipation (25% to
60% of the domain). The maximum magnitude of the negative subgrid-seale dissipation was as
mueh as 17% of the maximum positive subgrid-seale dissipation, indieating that not only is
baekseatter spatially wide spread in these flows, but it is eonsiderable in magnitude and thus
cannot be ignored for the purpose of LES modcling. With inereased filter size, there is only a
modest deecrease in the spatial extent of backseatter. The implieation is that even at large LES
grid spacings, the issue of backscatter and related SGS-flux modeling deeisions are unavoidable.
As a fraetion of the total dissipation, the small-seale dissipation is between 10% and 30% of the
total dissipation for a filter size that is four times the DNS grid spaeing, with all OH eases
bunched at 10% and the HN eases spanning 24%-30%. A secale similarity was found in that the
domain-average proportion of each small-seale dissipation mode with respeet to the total small-
seale dissipation is very similar to equivalent results at the DNS seale. With inereasing filter size,
the proportion of the small-seale dissipation in the dissipation inereases substantially, although
not quite proportionally. When the filter size inereases by four fold, 52% for all OH runs and
70% for HN runs of the dissipation is eontained in the subgrid-seale portion with virtually no
dependence on the initial conditions of the DNS. The indieations from the dissipation analysis
are that modeling efforts in LES of thermodynamieally supereritieal flows should be foeused
primarily on mass-flux effeets, with temperature and viseous effects being secondary although
by no means negligible; this confirmed the preliminary findings from our previous studies.

In a seeond supporting study (Appendix 4), we condueted an investigation into the eorreet
form of the LES equations for multicomponent atmospherie-pressure flows. The eommon trend
with the supereritieal study is the neeessity, expressed by the a priori study, of ineluding in the
LES equations additional SGS terms than the usual SGS fluxes. As the number of speeies
inereases in a system, the strueture of the flow beecomes finer grained and therefore the modeling
diffieulty inereases. We have here shown, both for single-phase and two-phase flow with phase
ehange, that these additional terms ean dominate SGS modeling requirements.



Thus, it is clear that the activity performed under this study has far-reaching
implications and proposes solutions for the practicality of LES in real applications.
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A posteriori study using a DNS database
describing fluid disintegration and binary-species
mixing under supercritical pressure: heptane
and nitrogen
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first published online 9 February 2010)

A large eddy simulation (LES) a posteriori study is conducted for a temporal mixing
layer which initially contains different species in the lower and upper streams and
in which the initial pressure is larger than the critical pressure of either species.
A vorticity perturbation, initially imposed, promotes roll-up and a double pairing
of four initial spanwise vortices to reach a transitional state. The LES equations
consist of the differential conservation equations coupled with a real-gas equation of
state, and the equations utilize transport properties depending on the thermodynamic
variables. Unlike all LES models to date, the differential equations contain, additional
to the subgrid-scale (SGS) fluxes, a new SGS term denoted a ‘pressure correction’ (p
correction) in the momentum equation. This additional term results from filtering the
Navier—Stokes equations and represents the gradient of the difference between the
filtered p and p computed from the filtered flow field. A previous a priori analysis,
using a direct numerical simulation (DNS) database for the same configuration,
found this term to be of leading order in the momentum equation, a fact traced to
the existence of regions of high density-gradient magnitude that populated the entire
flow; in that study, the appropriateness of several SGS-flux models was assessed, and
a model for the p-correction term was proposed.

In the present study, the constant-coefficient SGS-flux models of the a priori
investigation are tested a posteriori in LES devoid of, or including, the SGS p-
correction term. A new p-correction model, different from that of the a priori study,
is used, and the results of the two p-correction models are compared. The results
reveal that the former is less computationally intensive and more accurate than
the latter in reproducing global and structural features of the flow. The constant-
coefticient SGS-flux models encompass the Smagorinsky (SMC) model, in conjunction
with the Yoshizawa (YO) model for the trace, the gradient (GRC) model and the
scale similarity (SSC) models, all exercised with the a priori study constant-coefficient
values calibrated at the transitional state. Further, dynamic SGS-flux model LESs are
performed with the p correction included in all cases. The dynamic models are the
Smagorinsky (SMD) model, in conjunction with the YO model, the gradient (GRD)
model and ‘mixed’ models using SMD in combination with GRC or SSC utilized
with their theoretical coefficient values. The LES comparison is performed with the
filtered-and-coarsened DNS (FC-DNS) which represents an ideal LES solution. The
constant-coefficient models including the p correction (SMCP, GRCP and SSCP)

+ Email address for correspondence: josette.bellan@jpl.nasa.gov



212 E. S. Taskinoglu and J. Bellan

are substantially superior to those devoid of it; the SSCP model produces the best
agreement with the FC-DNS template. For duplicating the local flow structure, the
predictive superiority of the dynamic mixed models is demonstrated over the SMD
model; however, even better predictions in capturing vortical features are obtained
with the GRD model. The GRD predictions improve when LES is initiated at a time
past the initial range in which the p-correction term rivals in magnitude the leading-
order term in the momentum equation. Finally, the ability of the LES to predict the
FC-DNS irreversible entropy production is assessed. It is shown that the SSCP model
is the best at recovering the domain-averaged irreversible entropy production. The
sensitivity of the predictions to the initial conditions and grid size is also investigated.

1. Introduction

Counterflow motion of different species and species mixing at pressures initially
higher than the critical pressure p. of either fluid has peculiarities not encountered
in atmospheric-pressure mixing. Specifically, transcritical-condition experimental
observations using jets of various chemical species have identified structures termed
‘fingers’, or ‘comb-like’, extending from one of the streams; these structures have
an increasingly gaseous appearance with increasing pressure p (Mayer er al. 1996,
1998; Chehroudi, Talley & Coy 1999: Oschwald & Schik 1999; Oschwald et al.
1999; Segal & Polikhov 2008). All these experiments were performed in the Reynolds
number Re regime 0(10%) to O(10°). No three-dimensional simulations currently
exist that can recover the distinctive features of these p = p,. flows in this Re number
regime. This is because of the following reasons: (i) Reynolds-averaged Navier-
Stokes simulations are completely inadequate for reproducing the time-dependent
strong inhomogeneities observed in these flows. (ii) Direct numerical simulation
(DNS) is not routinely feasible for such large Reynolds numbers because of its high
computational expense. (iii) Large eddy simulation (LES) is a promising methodology
for supercritical-p flows, but so far it has been utilized for p = p. flows with models
developed for incompressible or atmospheric-p compressible situations (Oefelein &
Yang 1998; Zong et al. 2004; Oefelein 2005) in which the flow peculiarities discussed
above do not exist. Extending current LES models to p > p. flows is a necessity if
one wishes to simulate gas turbine, diesel or liquid rocket engines in which mixing of
species — a precursor to ignition and combustion — occurs at p > p. (for mixtures,
p. and the critical temperature 7, depend on the composition (Hirshfelder, Curtis &
Bird 1964; Prausnitz, Lichtenthaler & de Azevedo 1986)).

Although DNS is not suitable for practical applications at fully turbulent Re
values, it may provide information leading to a thorough understanding of the flow
at transitional Re values, thus enabling LES model development. Such DNSs were
performed for a temporal mixing layer by Miller, Harstad & Bellan (2001) and
Okong’o & Bellan (2002b, 2003) using real-gas equations of state (EOSs) for non-
ideal mixtures in conjunction with realistic transport properties and thermal diffusion
(Soret and Dufour) effects. The results showed that one of the most prominent
aspects of p > p,. flows is the existence of regions of high density-gradient magnitude
(HDGM), akin to those seen in the experiments. These HDGM regions were found in
both pre-transitional (Miller er al. 2001) and transitional (Okong’o & Bellan 20025b;
Okong’o, Harstad & Bellan 2002) temporal mixing layers and were shown to arise
from the combined effect of the distortion of the initial density boundary and of
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mixing (Okong’'o & Bellan 2002b, 2004b). It is this filamentary morphology that
we call fluid disintegration. Scrutiny of the HDGM composition showed that the
HDGM fluid is a mixture of the heavy and light fluids; this situation is very different
from that under atmospheric p, where the equivalent of the HDGM regions contains
exclusively the heavy fluid, as during atomization.

Further, in an a priori analysis of the DNS database (Selle et al. 2007), it was found
that the utilization of a real-gas EOS (Harstad & Bellan 2000; Okong’o & Bellan
2002b) results in the strictly atmospheric-p LES equations being no longer valid, as
new significant terms arise from the filtering of the conservation equations. These
terms are directly associated with the HDGM regions observed in both simulations
and experiments, meaning that the validity of the novel terms extends to Re values
higher than those of the transitional databases. The new terms originated from
subgrid-scale (SGS) effects and thus required modelling, being conceptually but not
mathematically similar to the well-known SGS fluxes. We call these new SGS models
‘corrections’ because they stemmed from the usual ‘LES assumptions’ — that the
difference between a filtered quantity and the same quantity computed from the
filtered flow field is negligible with respect to other terms in the equation - not being
satisfied. Two such terms were identified — for the p gradient and the divergence of the
heat flux. The p correction was shown to be necessary for the heptane—nitrogen (HN,
C,Hs—N,) system which exhibited strong departures from perfect gas and species
ideality, whereas the heat-flux correction term for this species system was negligible.
The required heat-flux correction was substantial for the oxygen—hydrogen (OH, O,-
H,) system, but the p-correction term was negligible; for this species system, the
departures from perfect gas and mixture non-ideality are negligible. That a correction
is necessary even for small departures from perfect gas and mixture ideality can be
understood given the strong nonlinearity of the real-gas EOS, meaning that even slight
real-gas or non-ideal mixture behaviour may impart considerable departures from
the atmospheric-p LES equations; this is the nature of nonlinearity. For the oxygen-—
helium (OHe, O,-He) system, which has modest departures from perfect gas and small
departures from mixture non-ideality, the situation was intermediate between the HN
and OH systems. Both p-correction and heat-flux correction models were based on
Taylor expansion concepts (Selle et al. 2007). In the a priori analysis, SGS-flux models
were also evaluated for the typical SGS fluxes (stresses, heat and species mass). The
SGS-flux models evaluated were the Smagorinsky (SM) model (Smagorinksy 1963,
1993), the scale-similarity (SS) model (Bardina, Ferziger & Reynolds 1980) and the
gradient (GR) model (Clark, Ferziger & Reynolds 1979). It was concluded that the
SM model is inadequate to represent the SGS fluxes, whereas both the SS and the GR
model captured the functional form of the SGS fluxes. The poor performance of the
SM model was observed despite it being used in conjunction with the well-performing
Yoshizawa (YO Yoshizawa 1986) model for the SGS-stress trace.

Whereas the a priori analysis is only concerned with the behaviour of the small
turbulent scales, what ultimately matters in LES is the ability of the model to
reproduce the interaction among all scales. This interaction is here investigated in an
a posteriori study in which the a priori developed models, as well as other models,
are tested in LES, and the results are compared with the DNS database for the HN
system (the OH system is relegated to a future study). However, an unprocessed DNS
database is not the proper template for comparison with LES. The proper template
is the filtered-and-coarsened (FC) DNS: filtered to remove the small scales that are
not computed in LES and coarsened to reduce the number of nodes from DNS to
those of LES. Thus, the FC-DNS field can be considered as a sample of the DNS
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field and a generally ideal, unachievable, LES template. Following the presentation
in § 2 of the LES governing equations, the databases are summarized in §3. The LES
initial and boundary conditions are presented in §4, and the numerical methodology
is described in §5. In §6, we first address the effectiveness of a p-correction model
by comparing two sets of LES that are identical in all respects, except that one
set excludes and the other includes the p correction. The p-correction model is
in the same spirit but different from that tested a priori (Selle et al. 2007), and
thus its utilization can be considered as a general assessment of the p-correction
concept. Having established the necessity of the p correction, the attention is turned
to dynamic-coefficient SGS-flux models combined with a p-correction model: we
first examine there the influence of the type of p-correction model, after which we
compare dynamic-coefficient LESs that use the same p-correction model. Completing
the physical picture, the replication in LES of the irreversible entropy production,
which is the dissipation (not to be confused with the turbulent kinetic energy. or
TKE, dissipation), is addressed. Considerations on initial conditions (ICs) are made
in Appendix A, and an inquiry on grid size is presented in Appendix B. All above
evaluations are performed using one realization of the DNS database. To assess the
general validity of the results, further evaluations are performed for other realizations
in the HN database, and for brevity, only some of the pertinent results are presented
in Appendix C. Conclusions and a short discussion of future studies are offered
in§7.

2. LES governing equations

The LES equations were derived by Selle et al. (2007) from the conservation
equations by spatial filtering. The filtering operation is defined as

Vix) = /V Y()G(x — y)dy, @)

where G is the filter function and V is the filtering volume; G has the property that
for a spatially invariant function, the filtered function is identical to the unfiltered
one. For compressnble flows, Favre filtering is used, defined as ¥ = ,01///,0 where p is
the density. The variance of two quantities ¢ and 6 is defined as #(g, f)=¢0 —3 6
or 9(7,9) = ¢b — 38, depending on the filtering. The governing equations are
written for the conservative variables ¢ = {p, pu;, pe,, pY,} rather than the primitive
variables ¥/(¢) = {u;, p, Xo, T}, where u; is the velocity component in the x;-direction
spatial coordinate, e, is the total energy, T is the temperature, and Y, and X, are the
mass fraction and mole fraction of species «.

2.1. LES differential equations

The LES differential equations, obtained under the assumption that filtering and
differentiation commute (the top-hat filter is used here for which the operations
commute except near boundaries), are for the HN mixture (Selle et al. 2007):

9p | opi;
ar ' dx; =

PTij v p@)—p(d)]. (2.3

(2.2)

ot 0x; ox; ox; 0x;
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35, " dp&ii;  dp (¢) it _ quk; () 3 doi; (¢) il 0 (P¢) — 3 (piit;)

at ax; ax; ax; dx; g > ax;
(2.4)

ap¥, op¥.i;  Bjui(F) B8 _
=— — ——(PNj)s 25
ot * 0x; 0x; ax,-(p" i) <)
where the SGS fluxes are
N

T = 17(17:','17,')- {i= ﬁ(fh i), Naj= 19(7(:,7,') with Z”aj =0, (2.6)

a=l

and the additional SGS term modelled a priori by Selle et al. (2007) is V[p(¢)— p(¢)].
In (2.2)-(2.5), ¢ is the time; o is the viscous stress tensor; g, 1s the Irwing-Kirkwood
(denoted by the subscript /1K) heat flux (Sarman & Evans 1992); ¢ = ¢, — ek 1s the
internal energy; ex = u;u;/2 is the kinetic energy; N is the number of species; and
J o 1s the species-mass flux of species «. Furthermore,

N N
Y=l Boiy=0 2.7)
a=1 a=1

Here, the Einstein summation is used for roman indices (i, j, k) but not for Greek
indices (a, B). The thermodynamic variables are functions of the LES flow field ¢:

e=e(@®), p=p(®). Y=Y@), T=T(p), h=h($), (28)

where p, T and the enthalpy h = e + p/p are computed from the EOS. Likewise, the
fluxes are functions of ¢:

0ij = 0ij (5)’ Jaj = Jaj @» qikj = 4qik;j (5) (2.9)
For a Newtonian fluid,
du;  du; 20uy 1 [0u; Ou;
= — 4+ L 28}, Si==(—+—), 3
% 'u'(ax_,—l_ ax,- 33xk J) S" 2 (3x,~+ 8x,-> (210)

where p is the viscosity and S;; is the rate-of-strain tensor.

The species-mass and heat fluxes originate in the fluctuation—dissipation theory (see
Keizer 1987), which is consistent with non-equilibrium thermodynamics, converges
to kinetic theory in the low-p limit and relates fluxes and forces from first principles.
For a binary-species system (light species 1, heavy species 2), the species-mass and
heat fluxes, including the Soret and Dufour effects (Harstad & Bellan 2000), are

J2(¥) = By(¥)VY2 (@) + Br(Y)VT (@) + Br(¥)Vp (¢). (2.11)
q,x(F) = Cy(Y)VY2 (¢) + Cr(V)VT (¢) + Cp(¥)Vp (9). (2.12)
where ¥ = ¥(¢4) and functionally
By = —pDap, Cpimp DR T —, (2.13)
nym;
Br = —apgY) ng, Cr=—4—pDa;xagkR, L Y1, (214)
T mpms,
By Pt Cr = —pDayx AY, Ys. (2.15)
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Species m (g mol™) T. (K) p.(MPa)
N, 28.013 126.3 3.399
C;Hy, 100.205 540.2 2.74

TABLE 1. Pure species properties.

In (2.13)~(2.15),

1 mom
= o, 2.16
R, T m ( )

= Lﬂ_iav , O= La(mh)_ia(mh) , (2.17)
my 93X, my 89X,

alny,
Xy

Qpg = COrg — Qp,  Qp

QDEl-l-Xa

: (2.18)

where 4 is the thermal conductivity with lim,_o 4 = Axr as discussed in Harstad &
Bellan (2000); the subscript KT denotes the kinetic theory; R, is the universal gas
constant; m is the mixture molar mass; and v is the molar volume with v = m/p. For
species «, m, is the molar mass, X, = mY,/m, and y, is the fugacity. Furthermore,
a;x is the IK form of the thermal diffusion factor; agx is the Bearman-Kirkwood
{denoted by the subscript BK) form of the thermal diffusion factor: D is the binary
diffusion coefficient; and «ap is the mass diffusion factor.

The models for the unclosed terms in (2.2)~(2.5), namely 7, ¢;, 7,; and V[p(¢) —
p(#)], for the HN mixture are described in §2.4.1.

2.2. Equation of state

The pressure is calculated from the well-known Peng—Robinson (PR) EOS, given T
and the PR molar volume (vpg), as

= RuT Qap
i (vPR _bm) (U£R+2b,,,va—b,2"),

(2.19)

where a,, and b, are functions of T and X,, the mathematical forms of which
are given in detail in Miller et al. (2001) and Okong'o er al. (2002). At high p,
the vpr value may differ significantly from that of v (Prausnitz et al. 1986), but
this difference is negligible for the HN system (Harstad, Miller & Bellan 1997). All
thermodynamic quantities, including ap, h, C, = (3h/8T), x and the speed of sound
(ay), are calculated from the EOS using standard thermodynamic relations (Miller
et al. 2001; Okong'o & Bellan 2002b; Okong’o et al. 2002). The implementation of
the EOS to calculate p and T from p, e and Y, uses an energy fit (Okong’o & Bellan
2002b) for the HN mixture. The pure species properties are listed in table 1.

2.3. Transport coefficients

The viscosity, the Schmidt number (S¢c = u/(pap D)) and the Prandtl number (Pr =
uC,/(mi)) were calculated from high-pressure single-species transport properties
using mixing rules, as in Harstad & Bellan (1998). The calculated values were
correlated, as summarized in table 2, and these correlations are then used to compute
the transport properties u, D and /. The relationship between azx and a;x stated in
(2.16) means that either one can be specified, and the other can then be calculated.
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Transport property Model

= pup(T/TR)" n=07

Sc = p/(papD) 1.5-Y,
Pr=puC,/(mi) 0.55¢/ exp(—1.5Y,)
2973 0.1

TaBLE 2. Transport properties for binary mixtures: Tg = (T, + T2)/2, T in Kelvin; o,k is from
Harstad & Bellan (2000). The functional fits are valid over the T range of 500-1100 K and
the p range of 40-80 atm.

2.4. SGS models
2.4.1. SGS-flux models

Three categories of models are here employed for SGS fluxes (t;;, 14, ¢;), namely
constant-coefticient models, dynamic models and dynamic mixed models.

The constant-coefficient SGS models considered are the Smagorinsky (SMC;
Smagorinksy 1963, 1993), the gradient (GRC; Clark et al. 1979) and the scale-
similarity models (SSC; Bardina et al. 1980).

The SMC model is based on the gradient-diffusion (eddy-viscosity) concept. As
such it does not lend itself to computing variances in general. The SGS fluxes in (2.6)
are

T s b2 - 1 a’vm
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